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Chen J, Kleyman TR, Sheng S. Deletion of ␣-subunit exon 11 of the epithelial Na ϩ channel reveals a regulatory module. Am J Physiol Renal Physiol 306: F561-F567, 2014. First published January 8, 2014; doi:10.1152/ajprenal.00587.2013.-Epithelial Na ϩ channel (ENaC) subunits (␣, ␤, and ␥) found in functional complexes are translated from mature mRNAs that are similarly processed by the inclusion of 13 canonical exons. We examined whether individual exons 3-12, encoding the large extracellular domain, are required for functional channel expression. Human ENaCs with an in-frame deletion of a single ␣-subunit exon were expressed in Xenopus oocytes, and their functional properties were examined by two-electrode voltage clamp. With the exception of exon 11, deletion of an individual exon eliminated channel activity. Channels lacking ␣-subunit exon 11 were hyperactive. Oocytes expressing this mutant exhibited fourfold greater amiloride-sensitive whole cell currents than cells expressing wild-type channels. A parallel fivefold increase in channel open probability was observed with channels lacking ␣-subunit exon 11. These mutant channels also exhibited a lost of Na ϩ self-inhibition, whereas we found similar levels of surface expression of mutant and wild-type channels. In contrast, in-frame deletions of exon 11 from either the ␤-or ␥-subunit led to a significant loss of channel activity, in association with a marked decrease in surface expression. Our results suggest that exon 11 within the three human ENaC genes encodes structurally homologous yet functionally diverse domains and that exon 11 in the ␣-subunit encodes a module that regulates channel gating.
epithelial Na ϩ channel; exon; domain; open probability; self-inhibition EPITHELIAL NA ϩ CHANNELS (ENaCs) mediate Na ϩ entry into epithelial cells and play a critical role in the regulation of extracellular fluid volume and blood pressure (42) . Mutations in human ENaC genes cause Mendelian disorders such as Liddle syndrome and pseudohypoaldosteronism type I (39). Enhanced ENaC activity is thought to increase the risk of developing salt-sensitive disorders, including essential hypertension, and contributes to the pathophysiological changes in cystic fibrosis (7, 10, 34, 38, 50) .
There are four human genes (gene symbols: SCNN1A, SCNN1B, SCNN1D, and SCNN1G) that encode four ENaC subunits (␣, ␤, ␦, and ␥, respectively). In high-resistance epithelia, functional ENaC complexes contain ␣-, ␤-, and ␥-subunits. Human SCNN1A is located on chromosome 12, and both SCNN1B and SCNN1G are on chromosome 16. Each gene has a similar architecture with 13 exons and 12 introns, spanning 30.5 kb (SCNN1A), 79.0 kb (SCNN1B), and 34.2 kb (SCNN1G). Common isoforms of all three human ENaC subunits (␣, ␤, and ␥) are translated from mature mRNAs that are similarly spliced by inclusion of all 13 constitutive exons. Transmembrane domains 1 and 2 as well as NH 2 -and COOHterminal cytoplasmic domains of all three subunits are encoded by exons 2 and 13. Exons 3-12 encode most of the large extracellular domain (ECD; Fig. 1A ). It is not known if all of the exons encoding the ECD are required for channel function or whether they impart specific functional roles.
A delineation of exon-specific functions within ENaC genes should aid in the understanding of biological roles of alternatively spliced transcripts of human ENaC genes. Indeed, both human SCNN1A and SCNN1B generate multiple transcripts through alternative splicing or heterogeneous transcription initiation (5, 16, 37, 53, 54) . Certain alternative transcripts of SCNN1A and SCNN1B lack one or more coding exons. Like other genes, these alternative transcripts of ENaCs may have important roles in the regulation of transcription, translation, posttranslational modification, trafficking, and channel activity. Furthermore, aberrant splicing induced by mutations in ENaC genes has been associated with pseudohypoaldosteronism type I (1, 52, 55) .
The resolved structure of acid-sensing ion channel (ASIC)1, a member of ENaC/degenerin family, revealed a highly organized ECD structure consisting of five distinct domains termed palm, ␤-ball, finger, thumb, and knuckle (26). Previous studies from our group and others (22, 26, 29, 30, 51) have suggested that the ECDs of ASIC1 and ENaC have similar structural features. The central core of the extracellular region, composed of the palm and ␤-ball domains, is formed by noncontiguous ␤-strands that arise from multiple exons (Fig. 1) . In contrast, the knuckle, finger, and thumb domains are formed by contiguous ␣-helices and connecting loops. While the knuckle domain is largely encoded by a single exon (exon 11), the finger (exons 3 and 4) and thumb (exons 7-9) domains are encoded by multiple exons. Previous studies (13-15, 17, 18, 29 -31, 44 -46, 48) ) and shear stress. To begin to address the question of whether ENaC ECDs are formed of distinct functional modules encoded by specific exons, we generated and expressed ENaCs lacking individual ECD-coding exons in Xenopus oocytes. Whereas most mutants, when coexpressed with wild-type (WT) ␤-and ␥-subunits, did not result in the expression of functional channels, we found that channels lacking ␣-subunit exon 11 exhibited increased activity due to an increase in channel open probability (P o ).
MATERIALS AND METHODS
Site-directed mutagenesis. Point mutations were introduced into human ␣-, ␤-, and ␥-ENaC subunit cDNAs using the QuickChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Target mutations were verified by DNA sequencing. WT and mutant ENaC cRNAs were synthesized by in vitro transcription using T7 or SP6 RNA polymerase (Ambion), purified by an RNA purification kit (Qiagen), and quantified by spectrophotometry.
ENaC expression and two-electrode voltage clamp. ENaC expression in Xenopus oocytes and current measurements by two-electrode voltage clamp were performed as previously described (14) . Stage V and VI oocytes with the follicle cell layer removed were injected with 3 ng of each subunit (␣, ␤, and ␥) cRNA in a volume of 50 nl/cell and incubated at 18°C in modified Barth's solution [MBS; containing 88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3, 15 mM HEPES, 0.3 mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 10 g/ml streptomycin sulfate, and 100 g/ml gentamycin sulfate; pH 7.4]. All experiments were performed at room temperature (20 -24°C) 20 -52 h after injection. Oocytes were placed in a recording chamber from Warner Instruments (Hamden, CT) and perfused at a constant flow rate of 12-15 ml/min. The perfusion solution contained 110 mM NaCl, 2 mM KCl, 2 mM CaCl 2, and 10 mM HEPES and had the pH adjusted at 7.4. Voltage clamp was performed using an Axoclamp 900A ComputerControlled Microelectrode Amplifier and DigiData 1440A interface controlled by pCLAMP 9.2 (Molecular Devices, Sunnyvale, CA). The protocol for harvesting oocytes from Xenopus laevis was approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Surface expression. Surface expression of ENaCs in oocytes was examined using human ENaC ␤-or ␥-subunits with an extracellular FLAG epitope tag, as previously described (12) . Briefly, oocytes were injected with 3 ng/subunit of three human ENaC cRNAs with either the ␤-or ␥-subunit containing an extracellular FLAG epitope tag (DYKDDDDK). The FLAG tag was placed immediately after residue T137 in the ␤-subunit, as previously described (20) , and residue L128 in the ␥-subunit. The ␥-subunit epitope tag was placed before the furin cleavage site at R138 to avoid interfering with cleavage at the furin site. Expression of channels with either a FLAG-tagged ␤-or ␥-subunit did not impair channel activity. Two days after cRNA injection, a surface expression assay was performed on ice except for the last step, which was at room temperature (20 -24°C). After a 30-min incubation in MBS (without antibiotics) supplemented with 1% BSA (MBS-BSA), oocytes were incubated for 1 h with MBS-BSA supplemented with 1 g/ml of a mouse monoclonal anti-FLAG antibody (M2, Sigma). Oocytes were then washed in MBS-BSA and incubated with MBS-BSA supplemented with 1 g/ml of a horseradish peroxidase-coupled secondary antibody [peroxidase-conjugated AffiniPure F(ab=)2 fragment goat anti-mouse IgG, Jackson ImmunoResearch, West Grove, PA] for 1 h. Cells were washed and transferred to MBS without BSA. Individual oocytes were placed in a 96-well plate, and 100 l of SuperSignal ELISA Femto Maximum Sensitivity Substrates (Thermo Scientific, Rockford, IL) were added to each well. Cells were then incubated at room temperature for 1 min, and chemiluminescence in relative light units was quantified in a GloMax-Multiϩ Detection System (Promega, Madison, WI). Na ϩ self-inhibition. Na ϩ self-inhibition was examined by rapidly replacing low Na ϩ concentration bath solution (NaCl-1; containing 1 mM NaCl, 109 mM N-methyl-D-glucamine, 2 mM KCl, 2 mM CaCl2, and 10 mM HEPES; pH 7.4) with high Na ϩ concentration bath solution (NaCl-110; containing 110 mM NaCl, 2 mM KCl, 2 mM CaCl 2, and 10 mM HEPES; pH 7.4) while the oocytes were continuously clamped to Ϫ100 mV (membrane potential). Bath solution exchange was done with a Teflon valve computer-controlled perfusion system (AutoMate Scientific, Berkeley, CA). Upon completion of the experiment, 10 M amiloride was added to the bath solution to determine the amiloride-insensitive portion of the whole cell current. Given the variability in the Na ϩ self-inhibition response of WT ENaCs among different batches of oocytes (43) , the response of WT channels was always tested in an alternating manner with mutants in the same batch of oocytes.
Single channel recordings. Oocytes were placed in a hypertonic solution (NaCl-110 supplemented with 200 mM sucrose) for 5 min. Vitelline membranes were manually removed, and oocytes were placed in a recording chamber with NaCl-110 at room temperature (22-25°C) for 15 min before recordings were initiated. The pipette solution was the same as bath solution (NaCl-110). Patch pipettes with a tip resistance of 5-10 M⍀ were used. Patch clamp in a cell-attached configuration was performed using a PC-One Patch Clamp amplifier (Dagan) and a DigiData 1322A interface connected to a PC. Patches were clamped at a membrane potential (negative value of the pipette potential) of Ϫ100 mV. pCLAMP versions 8 and 10 (Molecular Devices) were used for data acquisition and analyses, respectively. Single channel recordings were acquired at 5 kHz, filtered at 1 kHz by a built-in 4-pole low-pass Bessel Filter, and stored on a hard drive. P o was estimated by single channel search function of pCLAMP 10.3 from recordings that contained no more than four current levels (3 channels) and lasted for at least 5 min.
ECD
Statistical analyses. Data are presented as means Ϯ SE. Significance comparisons between groups were performed with a Student's t-test. P values of Ͻ0.05 were considered significantly different.
RESULTS
We examined whether all of the coding exons (exons 2-13) in human SCNN1A were required for the expression of function channels. ␣-Subunit cDNAs were modified with in-frame deletions of individual exons and coexpressed with WT ␤-and ␥-subunits in Xenopus oocytes. In-frame deletions were performed to prevent frame shifts leading to a change in the coding sequence and premature termination. While oocytes expressing WT channels had robust amiloride-sensitive currents (2.1 Ϯ 0.4 A, n ϭ 23, at Ϫ100 mV), we found that oocytes expressing ␣-subunits that lacked regions encoded by specific exons, with the exception of exon 11, did not have measurable amiloride-sensitive currents. Surprisingly, oocytes expressing channels with an ␣-subunit exon 11 in-frame deletion (␣⌬Exon11) exhibited whole cell amiloride-sensitive Na ϩ currents that were fourfold greater than cells expressing WT channels (P Ͻ 0.001; Fig. 2 ). Exon 11 encodes the peripheral knuckle domain of the ECD.
The large increase in amiloride-sensitive currents in oocytes expressing ␣⌬Exon11␤␥ channels suggested that deletion of the ␣-subunit knuckle domain is associated with an increase in the number of channels at the plasma membrane and/or an increase in channel P o . We performed a chemiluminescencebased surface expression assay in oocytes expressing either WT or ␣⌬Exon11␤␥ channels, with the ␤-subunit bearing an external epitope FLAG tag. We found similar levels of surface of WT and mutant channels (Fig. 3) , suggesting that deletion of the ␣-subunit knuckle region did not alter channel density at the plasma membrane.
We next performed patch-clamp analyses of oocytes expressing WT or ␣⌬Exon11␤␥ channels. Typical single channel gating transitions are shown in Fig. 4 . The P o of mutant channels was 0.57 Ϯ 0.09 (n ϭ 9), significantly greater than that of WT channels (0.11 Ϯ 0.03, n ϭ 14, P Ͻ 0.01). In addition, mutant unitary currents (0.52 Ϯ 0.02 pA, n ϭ 9) were slightly less than WT unitary currents (0.62 Ϯ 0.02 pA, n ϭ 14, P Ͻ 0.01). These observations suggest that the increase in whole cell Na ϩ current observed with the deletion of the ␣-subunit knuckle region reflects a dramatic and significant increase in channel P o .
External Na ϩ inhibits Na ϩ channels by reducing channel P o , a process referred to as Na ϩ self-inhibition (30). We examined whether the increased P o observed with the ␣-subunit exon 11 deletion mutant reflected a suppressed Na ϩ self-inhibition response. As shown in Fig. 5 , when the external Na ϩ concentration was rapidly increased from 1 to 110 mM, we observed that oocytes expressing WT channels exhibited a rapid increase in Na ϩ current that was followed by slow fall in current that reflected the Na ϩ self-inhibition response. In contrast, oocytes expressing ␣⌬Exon11␤␥ channels did not exhibit a fall in Na ϩ current, suggesting that the increased P o we observed with the mutant channel is due, in part, to a loss of Na ϩ self-inhibition.
All three ENaC subunits (␣, ␤, and ␥) contribute to the conducting pore in the heteromultimeric channel complexes, although they have distinct functional roles (30, 32, 40, 42, 49). We examined whether deletions of the residues encoded by exon 11 in the ␤-or ␥-subunit altered the properties of channels similar to those observed with the ␣-subunit mutant. We found that expression of a mutant ␤-or ␥-subunit in an ␣␤␥-channel complex in oocytes resulted in very small amiloride-sensitive currents (Fig. 6) . Furthermore, levels of surface expression levels in oocytes expressing either mutant ␤-or ␥-subunits were markedly reduced (Fig. 3) .
DISCUSSION
We observed that most coding exons in the ␣-subunit are required for the generation of functional channels in Xenopus oocytes. While we did not assess the underlining reasons for the loss of functional expression of these mutant channels, it is likely that the deletion of specific regions resulted in misfolded subunits or impaired subunit assembly in the endoplasmic reticulum (ER), which results in their targeting for ER-associated degradation. In this regard, it was surprising that deletion of the knuckle region of the ␣-subunit, encoded by exon 11, did not appear to impair channel exit from the ER and expression at the plasma membrane. In contrast, deletion of this region from either the ␤-or ␥-subunit resulted in a dramatic reduction in both whole cell currents and surface expression of channels, suggesting an impairment of protein folding and ER exit. At present, it is unclear why channels lacking the ␣-subunit knuckle domain do not have the same fate as channels lacking the ␤-or ␥-subunit knuckle domain. This observation is in accordance with numerous previous studies (18, 33, 40 -42, 48, 49) demonstrating subunit asymmetry with regard to the functional effects of mutations. We speculate that the strikingly distinct consequences of homologous exon 11 deletions among the three ENaC subunits may reflect, in part, how the different subunits interact with factors that influence ENaC biogenesis. For example, in yeast, the ER lumen-resident heat shock protein (Hsp)70-related Lhs1 selectively targets the ␣-subunit for ER-associated degradation but does not affect the degrada- tion of the ␤-or ␥-subunit (9). Its mammalian homolog, Grp170, also enhances ␣-subunit turnover in human embryonic kidney cells (9) . In contrast, luminal Hsp40s enhance the degradation of all three subunits in yeast (8) . It is notable that an ER exit motif has been identified in the COOH-terminal cytoplasmic domain of the ␣-subunit, whereas ␤-and ␥-subunits appear to lack ER exit motifs (35). Furthermore, posttranslational modifications, such as furin-dependent proteolysis, palmitoylation, and phosphorylation by specific kinases, occur in a subunit-specific manner (3, 25, 35, 36) .
One of the key functions of the ECDs of ENaC subunits is to confer a downregulation of channel activity by extracellular Na ϩ (i.e., Na ϩ self-inhibition). The location of the Na ϩ -binding sites and the structural transitions that occur after Na ϩ binding that results in a reduction in channel P o remain elusive. It is interesting that the absence of the exon 11-encoded knuckle domain from the ␣-subunit resulted in a loss of Na ϩ self-inhibition, in parallel with an increase in channel P o . Based on recently resolved structures of ASIC1 at high and low pH, the knuckle domain together with the upper portion of the palm domain functions as a scaffold, in contrast to a more mobile low portion of the palm domain, where large conformational movements were observed in channels in different conformational states (i.e., conducting vs. nonconducting) (2) . The knuckle domain of the ␣-subunit borders the finger domain of the ␥-subunit (14, 18, 22, 26, 29, 30 ). There are a number of sites in the ␥-subunit finger domain that have roles in modulating the channel's response to extracellular factors, including Na ϩ , Zn 2ϩ , and proteases (6, 15, 24, 41, 47, 56) . Based on these findings, we speculate that interactions at the interface between the ␣-subunit knuckle domain and ␥-subunit finger domain may have an important role in the allosteric regulation of ENaC P o by external factors.
There are a growing number of single nucleotide polymorphisms, small insertion/deletion variants, and alternatively spliced mRNA variants that are present in the databases of sequenced genes and RNAs (19, 21) . In addition to the welldescribed Liddle syndrome mutations, a number of ENaC single-nucleotide polymorphisms have been associated with hypertension or salt sensitivity (4, 11, 23, 27, 28, 57) . To date, we have not found any human ENaC transcript lacking exon 11. Future studies using RNA sequencing and other techniques will reveal if such transcripts indeed exist in vivo.
In summary, by analyzing channels with exon level deletions, we found that the exon 11-encoded knuckle domain in the ␣-subunit is not required for the functional expression of heteromeric channels. Furthermore, our results suggest that the ␣-subunit knuckle domain has a role in facilitating Na ϩ selfinhibition and dampening ENaC P o in the presence of external Na ϩ . Delineation of exon-encoded functions within ENaC subunits should enhance our understanding of the biological roles of alternatively spliced transcripts of human ENaC genes, which are largely unknown.
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